Dead wood pools are strongly influenced by natural disturbance events, stand 8 development processes, and forest management activities. However, the relative importance of 9 these influences can vary over time. In this study, we evaluate the role of these factors on dead 10 wood biomass pools across several forest management alternatives after 60 years of treatment on 11 the Penobscot Experimental Forest in central Maine, USA. After accounting for variation in site 12 quality, we found significant differences in observed downed coarse woody material (CWM; ≥ 13 7.6 cm small-end diameter) and standing dead wood biomass among selection, shelterwood, and 14 commercial clearcut treatments. Overall, total dead wood biomass was positively correlated with 15 live tree biomass and was negatively correlated with the average wood density of non-harvest 16 mortality. We also developed an index of cumulative harvest severity, which can be used to 17 evaluate forest attributes when multiple harvests have occurred within the same stand over time.
The overall goal of this study was to evaluate how stand development and disturbance 70 have influenced current dead wood biomass pools in mixed-species stands with various forest D r a f t D r a f t D r a f t 8 each sampling transect. Pieces were recorded separately by size; diameters at transect <0.6, 0.6-139 2.5, and 2.5-7.6 cm were recorded in the first 1, 2, and 4 m of transect length, respectively. The 140 number of woody pieces within each size class were summed across all three transects per PSP. 141 Because of the large number of tree species on the PEF, we used the composite average 142 nonhorizontal correction factors and approximations for specific gravities developed for the 143 Northern Region of the U.S. Forest Service to calculate FWM oven-dry biomass for each size 144 class (Brown 1974) . The FWM biomass values for each size class were then summed to derive a 145 total FWM biomass estimate for each PSP. 146 We conducted a complete inventory of downed CWM and stumps (< 1.37 m tall; 147 otherwise classified as a snag or standing dead tree) on the 0.02-ha plots. For downed CWM 148 pieces that crossed the plot boundary, only the portion lying within the plot was measured. If the 149 largest ends of such pieces were outside the plot, the portion of the piece inside the plot was 150 included in the inventory if it had a diameter ≥ 7.6 cm at the plot boundary. For each piece, 151 large-and small-end diameters (to a minimum small-end diameter of 7.6 cm), length, decay 152 class, and species (when possible; otherwise, softwood, hardwood, or unknown) were recorded 153 . The volume of each downed CWM piece was calculated using the 154 conic-paraboloid formula (Fraver et al. 2007a) . For each stump, the diameter at the top of the 155 stump, height (root collar to top of the stump), decay class, and species were recorded. For the 156 portion of stumps > 15.2 cm from the root collar, volume was calculated using the formula for a D r a f t percentage of wood volume (Miles and Smith 2009) , as well as a decay class reduction factor D r a f t shrub biomass as "live tree biomass" throughout the remainder of the manuscript. On PSPs 185 where we measured tree heights, a soil pit was excavated to estimate depth to redoximorphic 186 features, which was taken as a measure of site quality. These PSPs were selected in a random, 187 stratified process, with stratification according to the proportion of major soil types on glacial till 188 within each replicate (Puhlick et al. 2016a) . For the remaining PSPs, we used estimates of depth 189 to redoximorphic features made by Olson et al. (2011). 190 191 Summarization of historical data 192 Our methods required that we estimate dead wood inputs since the inception of the 193 treatments at the PEF. Of the 85 PSPs on which dead wood was measured in 2012, 78 had tree 194 mortality records dating back to the 1950s ; records were only available for 195 three of the ten PSPs in the reference stand. For these 78 PSPs, we tallied the number of trees 196 that had been harvested or died due to non-harvest mortality agents since the 1950s; other plots 197 were not used in the analysis involving tree mortality data (see Models of dead wood biomass 198 using tree mortality data). The Forest Service measured live trees on PSPs every 5 years (every 199 D r a f t distant in the past, such that a low-severity recent harvest could conveniently have the same 208 index as a moderate-severity harvest that occurred further in the past. For each tree that was 209 killed during harvest operations, woody biomass in the bole and tops of trees and branches was 210 estimated using equations developed by Young et al. (1980) , who defined the upper portion of 211 the bole as beginning at a diameter of 10.2 cm for trees ≥ 15.2 cm dbh, and 2.5 cm or where 212 large branches were encountered for smaller trees. For each PSP and harvest, the biomass in the 213 boles of harvested trees ≥ 12.7 cm dbh was summed to represent biomass removals (woody 214 biomass in the tops and branches of these trees was considered dead wood additions). Then, the 215 percentage of merchantable bole biomass of live trees prior to harvest that was removed during 216 the harvest operation was calculated as the harvest severity. For each PSP, each harvest severity 217 index was then down-weighted by a time metric, which was related to years since harvest and the 218 initiation of the long-term silvicultural study (in 1950; i.e., 62 years prior to our measurement of 219 dead wood pools). Specifically, the weight for each harvest severity index was: (62 -years since 220 harvest) / 62. For each PSP, the sum of the weighted harvest severity indices was considered to 221 be the cumulative harvest severity index. We also calculated this index in absolute terms (i.e., for 222 each PSP and harvest, biomass removals were not divided by the biomass of live trees prior to 223 harvest). 224 We also developed a metric for dead wood additions. For trees that had died due to 225 mortality agents other than harvest since the 1950s, bole and branch biomass above the stump 226 were estimated with the Young et al. (1980) equations. For each PSP, the biomass from harvest 227 residues (the tops and branches of all trees killed during harvest, plus the boles of trees < 12.7 cm D r a f t mortality before the 1950s, and annual and episodic litter inputs from live trees were not 231 included in our estimate of dead wood biomass additions. Our estimate does not include the 232 boles of merchantable trees that were cut during harvests but left on plot for various reasons 233 including excessive defect or failure to transport cut trees to the landing site.
235
Testing for a treatment effect on dead wood biomass 236 The influence of treatment on dead wood biomass was tested using linear mixed effects 237 modeling using data collected on 85 PSPs in 2012. The response variables included (1) downed 238 CWM biomass, (2) standing dead wood biomass including the portions of snags and stumps ≥ 239 15.2 cm, and (3) total dead wood biomass including all downed woody material and standing 240 dead wood biomass. Treatment, depth to redoximorphic features, and their interaction were 241 modeled as fixed effects and only data from the replicated treatments (selection, shelterwood, 242 and commercial clearcut) were evaluated. "Stand" (i.e., experimental unit) was used as a random 243 effect to account for the nested structure of the data and potential correlation between 244 observations from the same stand. Logarithmic transformations were applied to downed CWM 245 biomass (log 10 (x+0.1) + 1), standing dead wood biomass (log 10 (x+1)), and total dead wood 246 biomass (log 10 x) to linearize the relationship between the response and explanatory variables.
247
Likelihood ratio tests using maximum likelihood estimation were used to determine the optimal 248 models in terms of fixed effects. The lme function in the nlme package in R (Pinheiro et al. 249 2014) was used to fit the linear mixed-effects models. 
Models of dead wood biomass using tree mortality data 260
This analysis focused on factors affecting downed CWM biomass, standing dead wood 261 biomass, and total dead wood biomass on PSPs within stands. PSPs from the reference and 262 managed stands with long-term records of tree mortality data (78 PSPs) were included in the 263 analysis because of the emphasis on stand dynamics as opposed to specific treatment effects. In 264 this respect, stands can be viewed as having unique stand development and disturbance histories.
265
Mixed effects modeling was conducted using "stand" as a random effect, and the same 266 transformations were applied to the response variables as in the test for a treatment effect. The 267 following explanatory variables were evaluated for inclusion in the models as fixed effects: 268 cumulative dead wood biomass additions from the 1950s to 2012, cumulative harvest severity 269 index, average dbh of trees ≥ 1.3 cm that had died due to mortality agents other than harvest 
Results

280
Dead wood attributes 281 The unmanaged reference stand had, on average, greater total dead wood volume and 282 biomass than the managed stands ( Table 2) . Downed CWM and standing dead wood volumes 283 were 53.8 ± 17.1 and 50.3 ± 21.3 m 3 ha -1 (mean ± SD), respectively, in the reference stand and 284 12.7 ± 14.9 and 12.8 ± 10.6 m 3 ha -1 , respectively, in the managed stands. Across managed stands,
285
FWM biomass averaged 4.4 ± 2.8 Mg ha -1 (mean ± SD), downed CWM biomass 2.9 ± 3.4 Mg 286 ha -1 , standing dead wood biomass 4.0 ± 3.5 Mg ha -1 , and total dead wood (all downed woody 287 material and standing dead wood) biomass 11.3 ± 5.8 Mg ha -1 .
288
The selection treatment had numerous downed CWM pieces with large diameters and 289 lengths ( Fig. S1) . In the selection stands, dead wood biomass additions have been relatively 290 consistent since the 1950s, while the shelterwood stands have experienced a relatively high 291 amount of recent additions (Fig. 1) . In the shelterwood stands, most of the recent dead wood was 292 in the form of small-diameter snags that have yet to be transferred to the downed CWM pool 293 (Fig. 2) . While the commercial clearcut stands experienced a pulse of dead wood during the ca. 294 1972-86 budworm outbreak, these stands have had minimal dead wood recruitment since that 295 time ( Fig. 1) . Also, though mean basal area of balsam fir at the beginning of the budworm 296 outbreak was similar between these stands (Table S1), timing of the commercial clearcuts 297 increased the amount of balsam fir added to the dead wood biomass pools of stand 22 (Fig. 1) . (Table 5) , D r a f t transects were used in the state-wide inventory), both methods generally provide consistent 369 estimates with a sufficient sample size. Our study was restricted to soils derived from glacial till; 370 on other soils, such as those derived from marine deposits and with poor drainage (e.g.,
371
Biddeford soil series), downed CWM biomass may be greater, particularly if species with long 372 residence times are present (e.g., northern white-cedar). Also, in other stands across Maine, tree 373 mortality due to eastern spruce budworm (in the 1970s and 1980s) was greater than that observed Fraver, unpublished data). However, our estimate of downed CWM biomass was higher than 385 pre-treatment estimates (5.81 ± 1.45 Mg ha -1 ) made in 1995-1997 for other stands on the PEF 386 that have since been harvested (Fraver et al. , 2007b . The contribution of standing dead 387 wood to the total CWM pool of the reference stand was higher than that reported by D'Amato et woody material with modest moisture levels had lower average decay rates on poorly drained 416 soils in comparison to well drained soils. also hypothesized that snags on 417 poorly drained soils have poor mechanical stability, which could lead to transfers of woody 418 material to the downed CWM pool. Although these findings may partially explain the higher 419 biomass of observed downed CWM on soils with poor drainage in this study, further research on 420 the role that soil drainage has on dead wood biomass and dynamics is needed.
421
In the shelterwood stands, stand 23B had more standing and total dead wood biomass 422 than stand 29B, likely due to differences in the onset of competition-induced mortality. Even-423 aged red spruce and balsam fir stands generally begin self-thinning when relative densities reach 424 0.67 (Wilson et al. 1999) . In 2011, the relative densities for stands 23B and 29B were 0.76 and 425 0.64, respectively, which suggests that stand 23B was experiencing competition-induced 426 mortality and 29B had yet to experience competition-induced mortality in all areas within the 427 stand. Site quality can also influence the onset and progression of self-thinning. Though 23B and 428 29B are approximately the same age, current dominant height values suggest that stand 23B is on 429 a more productive site and that site quality partially affected the onset of self-thinning, which in 430 turn influenced standing dead wood biomass. On average, stand 23B also had more FWM 431 biomass than stand 29B, which influenced differences in total dead wood biomass between the 432 shelterwood stands. Differences in the amount of recent mortality and degree of crown abrasion 433 between the two stands due to the onset of self-thinning could have affected the amount of 434 broken twigs and small branches transferred to the FWM pool.
435
In the commercial clearcut stands, stand 8 had less total dead wood biomass, on average, Total dead wood 35.7 (9.3) 13.0 (5.5) 13.8 (6.4) 7.7 (3.9) (biomass, Mg ha -1 ) 15.7-45.5 3.1-26.6 3.6-24.9 2.7-21.0 QMD, quadratic mean diameter; FWM, fine woody material (< 7.6 cm diameter); CWM, coarse woody material (≥ 7.6 cm small-end diameter); Standing dead wood (the portions of snags and stumps ≥ 15.2 cm). Table 2 . Mean (standard deviation) and range of observed dead wood biomass and explanatory variables (cumulative dead wood biomass additions, cumulative harvest severity index, average diameter at breast height (dbh) of non-harvest mortality, time since death of non-harvest mortality, wood density of non-harvest mortality, live tree biomass in 2012, and depth to redoximorphic features) included in models of dead wood biomass.
D r a f t
Treatment & Stand Reference
Selection Selection Shelterwood Shelterwood Clearcut Clearcut Variable 32B (N = 3) 9 (N = 13) 16 (N = 19) 23B (N = 9) 29B (N = 7) 8 (N = 17) 22 (N = 10) FWM 3.1 (1.0) 3.8 (1.9) 6.1 (4.0) 6.5 (2.4) 3.6 (1.5) 3.1 (1.6) 3.2 (1.1) (biomass, Mg ha -1 ) 2.0-3.9 1.3-9.0 1.9-15.6 3.0-10.8 0.9-5.2 0.7-7.3 1.1-4.7
Downed CWM 16.2 (5.8) 4.8 (4.5) 3.9 (3.1) 0.8 (0.9) 0.8 (0.6) 1.9 (3.7) 3.4 (2.5) (biomass, Mg ha -1 ) 9.6-20. D r a f t 39 Table 3 . Model fit statistics for mixed-effects models of dead wood biomass pools (Mg ha -1 ) that contained treatment and depth to redoximorphic features (DRF; cm) as fixed effects and "stand" as a random effect (b i D r a f t 41 Year of biomass additions represents the mid-point between permanent plot inventories; in years when harvests were conducted, inventories occurred immediately before and after harvest. While inventories were usually conducted every 5 years, the longer time period between the 1999 and 2009 inventories in stand 32B corresponds to the 2004 bar. For stands 32B, 23B, and 22, no mortality data exist for the time periods 1970-1975, 1972-1975 and 1973-1977, respectively . TSI = timber stand improvement (mainly, the release of desirable saplings by cutting other saplings with brushsaws).
Fig. 2.
Mean downed coarse woody material (CWM; Mg ha -1 ; small-end diameter ≥ 7.6 cm) and standing dead wood (Mg ha -1 ; above a 15.2 cm stump) biomass with standard deviations in various decay classes (DC) for the managed stands. Fig. 3 . Least-squares (LS) means and standard errors of various dead wood biomass pools by treatment at the mean depth to redoximorphic features (30 cm). CWM is coarse woody material in Mg ha -1 and was defined as material with a small-end diameter ≥ 7.6 cm. Different letters indicate significantly different LS means at P < 0.05.
D r a f t SUPPLEMENTARY MATERIAL Table S1 . Mean (standard deviation) and range of attributes associated with live balsam fir trees ≥ 1.27 cm diameter at breast height in the 1970s (year of inventory in stand 32B = 1970, 16 and 23B = 1972, 22 =1973, 8 and 9 = 1974, 29B =1975 D r a f t Fig. S1 . Downed coarse woody material (CWM) large-end diameter and length, and snag diameter at breast height (dbh) and height by treatment. The horizontal line in each box is the median, the boxes define the hinge (25-75% quartile, and the line is 1.5 times the hinge). Points outside the hinge are represented as dots.
D r a f t Fig. S2 . Interaction plot for the observed data with linear relationships between depth to redoximorphic features and dead wood biomass by treatment. The nonparallel lines indicate that there is interaction between depth to redoximorphic features and treatment.
